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Abstract
A mechanism to have the quark mass hierarchy in the supersymmetric com-
posite model is proposed. The source of the hierarchy is the kinetic-term
mixing between composite quarks. Such mixing can be expected, if quarks
are composite particles. A model in which the mechanism works is con-
structed, although it is not perfectly realistic because of some assumptions
and unnaturalness.
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I. INTRODUCTION
Solving the quark and lepton mass hierarchy problem is one of the most important subject
in the elementary particle physics. Many mechanisms for the mass hierarchy have already
been proposed. For example, in the SU(5) grand unified theory the mass splitting between
the bottom quark and the tau lepton can naturally be explained by the unification of their
Yukawa couplings and scale dependence governed by the renormalization group equation.
In the extended technicolor theory the generation of the mass hierarchy is expected as a
result of the dynamics of the strong coupling chiral gauge theory.
Considering the compositeness of quarks and leptons is one of the attempt to solve the
mass hierarchy problem. Especially the supersymmetric composite model is attractive, since
we can naturally have tightly-bounded states whose masses are much smaller than their com-
positeness scales. This fact is suggested by experiments. Several interesting mechanisms for
the mass hierarchy in the supersymmetric composite model have already been proposed.
Having the mass hierarchy by the interplay between the chiral symmetry and the supersym-
metry is proposed in Refs. [1,2]. The power of the ratio of different energy scales can give
the mass hierarchy [3–6].
Almost all recent attempts to have the mass hierarchy in the supersymmetric composite
model are based on the existence of hierarchical energy scales. Many models are constructed
in which hierarchical Yukawa couplings are generated as the ratios of different energy scales.
In these models we usually have to prepare many different energy scales and assume some
non-renormalizable interactions in the Lagrangian at tree level. In this paper we propose a
mechanism which is not based on the hierarchical energy scales.
The basic idea is simple. We assume the kinetic-term mixing among quarks like
Lkin =
(
u¯ c¯ t¯
) 1 ε 0ε 1 ε
0 ε 1

 iDµγµ

 uc
t

 . (1)
The large mixing, ε ≃ 0.1, can be obtained, if quarks are composite particles [7], and the
texture of the mixing can be understood as a result of the dynamics of compositeness. This
kinetic-term mixing is a source of the generation symmetry violation. Furthermore, we
assume the interactions which are peculiar to each generation. For example, to be concrete,
we consider three gauged U(1)B−L interactions in each generation, where B and L denote
the baryon and lepton numbers, respectively. To be realistic, these interactions must be
spontaneously broken, but we do not assume any hierarchical structure in the energy scales
of the breaking and gauge couplings. If the mass of the top quark is generated, the masses
of the charm and up quarks are generated thorough the diagrams of Fig.1. These masses
are obtained as
mc ≃ g
2
16π2
ε2mt, mu ≃ g
2
16π2
ε4mt (2)
up to the common logarithmic correction, where g is the gauge coupling. In case of the
strong coupling, g2/16π2 ≃ 1, we can have a good hierarchy
mc
mt
≃ mu
mc
≃ ε2 (3)
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with ε ≃ 0.07. Here, the masses of up-type quarks at 1 GeV are mt ≃ 190 GeV, mc ≃ 1.4
GeV and mu ≃ 5 MeV. If U(1)B−L gauge interactions are unique and common to each
generation, the one-loop contribution gives just a correction to the kinetic-term mixing and
does not generate mass eigenvalues.
In the following we construct a model in which the above situation (but not the gauged
U(1)B−L) is realized to show that the mechanism is possible. Although the model is not
completely realistic because of some assumptions and unnaturalness, it is worth developing.
In the next section the one-generation (the third generation) model with dynamical
supersymmetry breaking is described. The model is based on the works of Refs. [8,9]. In
section III the model is extended to the three-generation model by including other two
generations. The dynamics of the compositeness in each three generation are the same,
namely the same structure is repeated three times. But the compositeness scales of each
generation are related with each other, since confining forces are expected to be “unified”
at a certain scale. The discussion on the origin of the kinetic-term mixing is also given in
this section. In section IV it is explained how the quark mass hierarchy is realized in the
model. Both the up-type and down-type quarks are discussed. We see that the mechanism
which is briefly sketched above actually works in the model. In the last section we conclude
by listing up both the satisfactory and unsatisfactory points of the model.
II. ONE-GENERATION MODEL WITH SUPERSYMMETRY BREAKING
The model of the third generation is constructed in this section. The difference of the
third generation from other two generations is that it strongly couples to the supersymmetry
breaking sector. The model described in this section is essentially the same of that is pro-
posed in Ref. [9], except for the introduction of the right-handed neutrino and the difference
of the notation.
A. Particle contents and Interactions
Two new gauge interactions are introduced in addition to the gauge interactions of the
standard model SU(3)C × SU(2)L × U(1)Y . The SU(2)3 hypercolor is introduced as the
confining force to have composite particles in the third generation, and the SU(2)S supercolor
is introduced to realize the dynamical supersymmetry breaking. The fundamental particles
of the third generation are shown in Table I, where U(1)B−L is a global symmetry. All the
particles in Table I are singlet under the SU(2)S supercolor. In the following all fields are
superfields without special notice. Note that there is no particle which belongs to the high-
dimensional representation of gauge groups, and the representation is vector-like under each
factor of the gauge group. In this sense, the particle contents are simple. We mention that
the U(1)B−L symmetry can be gauged because of the inclusion of the right-handed neutrino,
although we do not gauge it. The renormalizable tree-level superpotential which is general
with respect to the symmetry is
WH = ηH¯3[D3N3] + ηLQΦ¯3[C3N3], (4)
where square brackets denote the contraction of SU(2)3 indices, [DN ] ≡ ǫαβDαNβ , for
example.
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The particle contents of the supersymmetry breaking sector are shown in Table II 1.
All the particles in Table II are singlet under the standard model gauge group. Since
some particles have the SU(2)3 hypercolor, the supersymmetry breaking due to the SU(2)S
supercolor dynamics is transmitted to the superpartners of known particles. If we neglect
the SU(2)3 hypercolor, the system has SU(4) global symmetry ((Q˜ Q) ∈ 4 and (Z˜ Z ′ Z) ∈
6). But we preserve only its subgroup Sp(2) ∼ SU(2) × SU(2), and one of the SU(2)
subgroups of Sp(2) is gauged as SU(2)3. Therefore the global symmetry of this sector is
U(1)R×U(1)B−L×SU(2)global×Sp(2)/(SU(2)global×SU(2)3). The renormalizable tree-level
superpotential which is general with respect to the symmetry is
WS = λtr(ZˆVˆ) + 4λVZV +MX [X1X2], (5)
where
Vˆ ≡ ǫab
(
Q˜
Q
)
a
(
Q˜ Q
)
b
=


0 V + V ′ V˜11 V˜21
−(V + V ′) 0 V˜12 V˜22
−V˜11 −V˜12 0 V − V ′
−V˜21 −V˜22 −(V − V ′) 0

 , (6)
Zˆ ≡


0 Z + Z ′ Z˜11 Z˜21
−(Z + Z ′) 0 Z˜12 Z˜22
−Z˜11 −Z˜12 0 Z − Z ′
−Z˜21 −Z˜22 −(Z − Z ′) 0

 . (7)
Here, a and b are SU(2)S indices, and the indices of fields V˜ and Z˜ are explicitly written
as V˜αi and Z˜αi with the SU(2)3 index α and the SU(2)global index i. The mass of X1 and
X2 is introduced by hand, for simplicity, and the origin is not discussed in this paper. We
simply expect that the order of the mass MX is the energy scale of the SU(2)S dynamics.
It is possible to have such mass, if we introduce additional fields [10].
We introduce the tree-level superpotential which connects above two sectors.
Wd = κH¯3H¯3[D3X1] + κl3l3[D3X2]
+ κΦ¯3Φ¯3[C3X1] + κd¯3d¯3[C3X2]
+ κν¯3ν¯3[N3X1]. (8)
This renormalizable superpotential is general with respect to the symmetry. We can de-
termine anomaly-free U(1)R charge assignment on third generation particles so that whole
superpotential, Eqs.(4),(5) and (8), has charge two. Though the result is not unique, the
assignment
C3 D3 N3 d¯3 l3 ν¯3 Φ¯3 H¯3
U(1)R 1/6 1/4 1 5/6 3/4 0 5/6 3/4
(9)
1The explanation of the symmetry U(1)i will be given in section III
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is possible, for example.
This U(1)R symmetry has to be spontaneously broken to have the masses of gauginos
in the standard model. Since the resultant Nambu-Goldstone boson can couple to quarks
and leptons, it may cause astrophysical and cosmological problems (the R-axion problem).
Therefore, the U(1)R symmetry has to be explicitly broken by the tree-level superpotential,
gauge anomaly and so on. If we believe the supergravity, the U(1)R symmetry is necessarily
broken to have small cosmological constant, and the R-axion problem is solved [11].
B. Generating the One-Generation Structure
In this section we describe how the one-generation structure is realized at low energy
after the confinement of the SU(2)3 hypercolor.
The SU(2)3 hypercolor interaction becomes strong at the confinement scale Λ3 where
all the standard model interactions are weak. It is enough to consider only the particles
in Table I, since it will be shown in the next section that all SU(2)3 charged particles in
Table II decouple above the scale Λ3. It is expected that the confinement without chiral
symmetry breaking occurs in the system of supersymmetric SU(2) gauge theory with six
doublets matter (Nf = 3) [12]. Namely, the massless low energy effective fields
M ∼ ǫαβ

 C3D3
N3


α
(
C3 D3 N3
)
β
=


[C3C3] [C3D3] [C3N3]
[D3C3] [D3D3] [D3N3]
[N3C3] [N3D3] 0

 (10)
are expected in our model. These composite particles are identified to the third generation
particles as
M =

 u¯3 q3 Φ3−qT3 e¯3 H3
−ΦT3 −HT3 0

 , (11)
where u¯3 and q3 are the right-handed top quark and the left-handed weak doublet quark in
the third generation, respectively, e¯3 is the right-handed tau lepton, H3 is the weak doublet
Higgs which can couple to up-type quarks, and Φ3 is the leptoquark. The particle contents
of the third generation with a pair of Higgs and a pair of leptoquarks are realized by these
composite particles and the particles in Table I which do not have the SU(2)3 hypercolor.
Furthermore, it is expected that the superpotential
Wdyn = −αPfM
= α (H3q3u¯3 + Φ3q3q3 + Φ3u¯3e¯3) (12)
is dynamically generated, where α is a dimensionless constant. The first term of this su-
perpotential can be the Yukawa coupling for the top quark mass. The top quark naturally
becomes massive, once the electroweak symmetry is spontaneously broken by the vacuum
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expectation value of H3, since there is no global chiral symmetry which forbids the mass of
the top quark in this model.
According to the naive dimensional analysis [13], the coefficient α is of the order of 4π for
canonically normalized composite fields. This is too large for the top-quark Yukawa coupling
(the value of tanβ have to be very small). If we naively consider the renormalization group
running of α from the compositeness scale to the low energy, it can be realized α ≃ 1 at
the low energy. But considering the renormalization group is inconsistent with the fact that
the dynamically generated superpotential is a part of the exact effective action in the low
energy limit. If we evaluate the quantum correction using the exact Ka¨hler potential, the
result must give only the higher order terms of the derivative expansion in the low energy
effective action. In this sense the result of the renormalization group assuming the naive
Ka¨hler potential is an artifact 2. The value of α is determined by the normalization of the
kinetic term which is included in the unknown exact Ka¨hler potential.
There are other ingredients to affect the value of α in the low energy limit. The direct
correction to the Yukawa vertex exits by virtue of the violation of the non-renormalization
theorem due to the supersymmetry breaking. The additional renormalization of the kinetic
term could also exist due to the supersymmetry breaking. If it could be considered that these
effects are estimated by the running of α governed by the renormalization group equation of
the non-supersymmetric standard model from the supersymmetry breaking scale to the low
energy, the value of α could be order of unity in the low energy limit (the supersymmetry
breaking scale is determined in the next section). In this paper we simply assume that α ≃ 1
is realized in the low energy limit.
In the following we consider the quantum correction based on the exact superpotential
with naive Ka¨hler potential to estimate the supersymmetry breaking effect. All resultant
corrections disappear in the supersymmetric limit. We do not consider the quantum correc-
tion which includes the correction to the vertex of the exact superpotential by the interaction
itself (for example, a diagram which includes the correction to the top-quark Yukawa vertex
by the top-quark Yukawa interaction itself).
The tree-level superpotential of Eq.(4) gives the supersymmetric masses of Higgs and
leptoquarks in the low energy limit as
W effH = βΛ3
(
ηH¯3H3 + ηLQΦ¯3Φ3
)
, (13)
where the dimensionless coefficient β is expected to be of the order of 1/4π according to the
naive dimensional analysis. The first term gives so called µ-term. Therefore, βΛ3η ≃ 100
GeV is expected. The mass of the leptoquarks must be large enough not to contradict with
the direct search. And if they couple to the particles in the first generation, the mass must
be very heavy or the coupling must be very small to avoid rapid proton decay.
C. Dynamical Supersymmetry Breaking
In this section the dynamical supersymmetry breaking in the system of Table II with
the tree-level superpotential of Eq.(5) and its transmission to the superpartners of known
2In general, the dynamically generated superpotential is non-renormalizable.
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particles are explained.
We consider that the confinement scale of the SU(2)S supercolor, ΛS, is larger than that
of the SU(2)3 hypercolor, Λ3. Therefore, the SU(2)3 hypercolor interaction is weak at the
scale ΛS. Then, the system of Table II is simply considered as the SU(2)S gauge theory
with four doublets matter which interact with singlet fields through the superpotential of
Eq.(5). The confinement at the scale ΛS and the gauge singlet low energy effective field
Vˆ ∼ Vˆ (14)
are expected (see Eq.(6)). Furthermore, the superpotential
W Sdyn = A
(
PfVˆ − (βΛS)2
)
(15)
is expected to be generated dynamically, where A is a Lagrange multiplier chiral superfield
and β ≃ 1/4π according to the naive dimensional analysis. This superpotential gives the
following constraint between the components of the matrix Vˆ .
V 2 = (βΛS)
2 + V ′2 + [V˜1V˜2]. (16)
Namely, V is not the independent field.
The tree-level superpotential of Eq.(5) gives the following low energy effective superpo-
tential.
W effS = λβΛStr(ZˆVˆ ) + 4λV βΛSZV +MX [X1X2]
= −4(λ− λV )βΛSZV − 4λβΛS
(
Z ′V ′ +
1
2
Z˜αiV˜αi
)
+MX [X1X2]. (17)
By substituting the constraint of Eq.(16) to the above equation, we have
W effS = −4(λ− λV )Z
{
(βΛS)
2 +
1
2
V ′2 +
1
2
[V˜1V˜2] +O
(
(βΛS)
−2
)}
−4λβΛS
(
Z ′V ′ +
1
2
Z˜αiV˜αi
)
+MX [X1X2]. (18)
This shows that the system becomes the O’Raifeartaigh model at the low energy. Namely,
the auxiliary component of Z gets vacuum expectation value of
〈F †Z〉 = −〈
∂W effS
∂Z
〉 = 4(λ− λS)(βΛS)2, (19)
and the supersymmetry is spontaneously broken. The supersymmetry is dynamically broken
due to the modification of the moduli space by the quantum effect [14,15].
The mass spectrum of this system at the low energy is briefly described as follows. The
second term of Eq.(18) means that the pairs of Z ′ and V ′ and Z˜ and V˜ have supersymmetric
masses of 4λβΛS and m
′ ≡ 2λβΛS, respectively. The supersymmetric mass of X1 and X2,
MX , is assumed to be of the order of m
′ as discussed in section IIA. Since the auxiliary
component of Z has vacuum expectation value, the scalar components of V ′ and V˜ have soft
supersymmetry breaking masses of (4(λ−λS)βΛS)2 and F ≡ 8((λ−λS)βΛS)2, respectively.
Note that V˜ couples to SU(2)3 hypercolor. The supersymmetry breaking is transmitted by
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this particle to known particles through the SU(2)3 hypercolor interaction, and the masses
of squarks, sleptons and gauginos are generated. The fermion component of Z is the Nambu-
Goldstone fermion associated with the spontaneous supersymmetry breaking.
The scalar component of Z is massless, since it parameterizes the pseudo-flat direction
which is common in the O’Raifeartaigh model at tree level. If the pseudo-flat direction
is lifted up by the effect of the non-trivial Ka¨hler potential, it becomes massive. If the
resultant squared mass is negative, it obtains vacuum expectation value and U(1)R symmetry
is spontaneously broken. A mechanism which is proposed in Ref. [16] is a candidate of the
dynamics to have such vacuum expectation value. In that mechanism the scale of the
vacuum expectation value can naturally be much larger than that of the supersymmetry
breaking. But it can not be directly applied to our model. In this paper we simply assume
that m ≡ 2(λ − λV )〈AZ〉 6= 0 and m ≫
√
F , where AZ is the scalar component of Z.
Therefore, the fields V ′ and V˜ have supersymmetric masses, 2m and m, respectively, which
break U(1)R symmetry.
The detailed descriptions on the mass spectrum of the SU(2)3 hypercolored particles, Z˜
and V˜ , and the transmission of the supersymmetry breaking to known particles are given in
Ref. [9]. In the following we give only a brief sketch of the transmission of the supersymmetry
breaking to the superpartners of known particles.
The gaugino of the SU(2)3 hypercolor becomes massive due to the one-loop diagram
which includes the propagators of V˜ .
m
SU(2)3
λ ≃
αH
8π
F
m
, (20)
where αH is the gauge coupling of the SU(2)3 hypercolor interaction. The gauginos of
standard model gauge groups become massive due to the two-loop diagram which includes
the propagator of the SU(2)3 gaugino and “preons” C3 and D3 in Table I.
mλN ≃
3αN
8π
(
αH
4π
)2 F
m
ln
(
m
Λ3
)
, (21)
where N = 1, 2 and 3 correspond to the standard model interactions U(1)Y , SU(2)L and
SU(3)C , respectively. The scalar components of “preons” C3, D3 and N3 in Table I become
massive due to the two-loop diagrams which include the propagators of V˜ and the SU(2)3
gauge boson and gaugino.
m˜2P ≃
3
2
(
αH
4π
)2 (F
m
)2
. (22)
Note that these results are based on the perturbation on the gauge coupling of the SU(2)3
hypercolor interaction. Therefore, we can not use these results at low energy, since the
hypercolor interaction becomes strong. We assume that putting αH/4π ≃ 1 in the above
formulae gives at least correct order of magnitude of these quantities. Namely, we use
mλN ≃
3αN
8π
F
m
ln
(
m
Λ3
)
, m˜2P ≃
3
2
(
F
m
)2
(23)
in the following. In the next section we see that the condition m
SU(2)3
λ , m˜P ≪ Λ3 is satisfied,
which is necessary to the argument in the last section.
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The scalar components of the composite fields which belong toM of Eq.(11) are expected
to have masses of the order of m˜P . The scalar components of the elementary particles
becomes massive due to the one-loop diagram which includes massive gaugino propagator.
For example, the right-handed scalar bottom quark obtains the mass of
m2
b˜R
≃ 4α3
3π
m2λ3 ln
(
Λ23
m2λ3
)
. (24)
In the next section we introduce the first and second generations. Since the particles in
these generations do not strongly couple to the supersymmetry breaking sector, all masses
of squarks and sleptons in these generations are generated in the same way of the mass of
the right-handed scalar bottom quark. Therefore, the soft supersymmetry breaking masses
of these two generations are highly degenerate in flavor, which is a good feature for the
flavor-changing neutral current problem in the supersymmetric theory [17].
D. Electroweak Symmetry Breaking
In this model the electroweak symmetry breaking is triggered by the radiative correction
due to the strong top-quark Yukawa coupling [18]. In the low energy limit we have the Higgs
potential as
Vtree =
1
2
(
µ2 + m˜2H¯
)
h¯2 +
1
2
(
µ2 + m˜2H
)
h2 +Bh¯h+
g21 + g
2
2
32
(
h¯2 − h2
)2
, (25)
where h¯/
√
2 and h/
√
2 are the electrically neutral scalar components of H¯ and H , respec-
tively, µ = βΛ3η is the supersymmetric mass, m˜H¯ , m˜H and B are soft supersymmetry
breaking masses, and g1 and g2 are the gauge couplings of U(1)Y and SU(2)L gauge in-
teractions, respectively. Since H is composite, m˜2H ≃ m˜2P . Other supersymmetry breaking
masses are generated as the quantum correction [9].
m˜2H¯ ≃
α1
8π
{
µ2LQ ln
(
1 +
m˜2P
µ2LQ
)
− µ2 ln
(
1 +
m˜2P
µ2
)
+ m˜2P ln
(
µ2LQ + m˜
2
P
µ2 + m˜2P
)}
, (26)
B =
3α2
4π
mλ2µ
m2λ2 − µ2
{
m2λ2 ln
(
Λ23
m2λ2
)
− µ2 ln
(
Λ23
µ2
)}
+
α1
2π
mλ1µ
m2λ1 − µ2
{
m2λ1 ln
(
Λ23
m2λ1
)
− µ2 ln
(
Λ23
µ2
)}
, (27)
where µLQ = βΛ3ηLQ is the supersymmetric mass of the leptoquark. Both quantities vanish
in the supersymmetric limit (m˜2P , mλ1,2 → 0). The quantity m˜H¯ also vanishes, if µLQ = µ.
The electroweak symmetry breaking does not occur in this tree-level potential, since the
relation B2 < (µ2 + m˜2
H¯
)(µ2 + m˜2H) is satisfied (note that m˜
2
H¯
> 0 and (B/µ)2 < m˜2H).
The one-loop diagrams of the top quark and the scalar top quark give the contribution
of
V1−loop =
3
8π2
∫ Λ2
3
0
dk2k2
{
ln
(
1 +
g2t h
2/2
k2 +m2
t˜
)
− ln
(
1 +
g2t h
2/2
k2
)}
, (28)
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where gt is the Yukawa coupling of the top quark at the low energy, and m
2
t˜
≃ m˜2P is
the mass of the scalar top quark. This contribution vanishes in the supersymmetric limit
(m2
t˜
≃ m˜2P → 0).
The stationary conditions of whole potential with respect to the fields h¯ and h give the
following conditions.
µ2 + m˜2H¯ +B tan β +
1
2
m2Z cos 2β = 0, (29)
µ2 + m˜2H +B cotβ −
1
2
m2Z cos 2β
− 3
4π2
m2t
v2 sin2 β
{(
m2t˜ +m
2
t
)
ln
m2
t˜
+m2t + Λ
2
3
m2
t˜
+m2t
−m2t ln
m2t + Λ
2
3
m2t
}
= 0, (30)
where valuables h and h¯ are replaced by v and β following h = v sin β and h¯ = v cos β,
and the constraints (g21 + g
2
2)v
2/4 = m2Z and g
2
t h
2/2 = m2t are applied. The first condition
determines tanβ, and the second condition determines the compositeness scale Λ3.
We estimate the numerical values of tanβ and Λ3. The soft supersymmetry breaking
mass of preons, m˜2P , have to be large enough for heavy gauginos (see Eq.(23)). We set
m˜2P = (10TeV)
2 and m/Λ3 ≃ 103, then
mλ1 ≃ 70 GeV, (31)
mλ2 ≃ 200 GeV, (32)
mλ3 ≃ 700 GeV. (33)
Once gaugino masses are determined, the value of B can be determined up to logarithm
giving the value of µ. We set µ = −50 GeV and assume ln(Λ3/mλ1,2) ≃ ln(Λ3/µ) ≃ 14, (this
assumption will be consistently confirmed by the result), then
B ≃ −2000 (GeV)2. (34)
Moreover, we set µLQ = 1 TeV, then
m˜2H¯ ≃ (50 GeV)2. (35)
By putting all these values to Eqs. (29) and (30), we have
tanβ ≃ 1.5, (36)
Λ3 ≃ 108 GeV. (37)
The value of Λ3 is consistent with the above assumption on the logarithmic factor, since
ln(Λ3/100GeV) ≃ 14. We can obtain the value of the top-quark Yukawa coupling from the
value of tan β as
gt =
√√√√ 2m2t
v2 sin2 β
≃ 1.2 (38)
which is consistent with the expectation that the coupling is of the order of unity. The
obtained value of Λ3 means that the compositeness scale of the third generation is very
large.
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III. THREE-GENERATION MODEL
In this section we construct the three-generation model by introducing other two genera-
tions to the model described in section II. We consider that the first and second generations
have the same compositeness structure of the third generation. The particle contents are
shown in Table III. Here, we have introduced two new hypercolor gauge interactions, SU(2)1
and SU(2)2, whose confinement scales are Λ1 and Λ2, respectively. It is expected that all
known particle contents of three generations with a pair of Higgs and a pair of leptoquarks
in each generation are realized below the confinement scales in the same way of which is
described in section IIB. The dynamically generated superpotential at the low energy is
expected as
Wdyn = α (Hiqiu¯i + Φiqiqi + Φiu¯ie¯i) , (39)
where i = 1, 2 and 3 denotes the generation and α ≃ 4π (see Eq.(12)). Note that there is
no generation mixing in these Yukawa couplings, since the confining dynamics are different
in each generation.
We have also introduced three global U(1) symmetries in each generation (see also Table
II). This U(1)i symmetry is a kind of the generation symmetry which forbids the mixing
among generations. Note that it distinguishes the preons Ni which are singlet under the
standard model gauge group from the preons Ci and Di which have the quantum number
of the standard model gauge group. This symmetry is explicitly broken only by the SU(2)i
hypercolor gauge anomaly, and the breaking effect appears only through the dynamically
generated superpotential of Eq.(39) [19].
The tree-level superpotential of Eq.(4) is generalized as
WH = η
iH¯i[DiNi] + η
i
LQΦ¯i[CiNi]. (40)
In the low energy limit this superpotential gives mass terms of Higgs and leptoquarks.
W effH = β
(
ηiΛiH¯iHi + η
i
LQΛiΦ¯iΦi
)
, (41)
where β ≃ 1/4π.
The leptoquark in the first generation, Φ1, must be very heavy, otherwise proton rapidly
decays by its tree-level exchange through the baryon number violating interaction in Eq.(39).
It must be heavier than at least 1017 GeV so that the life time of proton is longer than 1032
years [20]. Therefore, we set the confinement scale of the first generation Λ1 ≃ 1018 GeV with
η1LQ ≃ 1. On the other hand, the confinement scale of the third generation has already de-
termined in section IIC as Λ3 ≃ 108 GeV in accord with the radiative electroweak symmetry
breaking. This hierarchy among compositeness scales can be understood as follows.
We consider that the gauge couplings of three SU(2)i hypercolors coincide at very high
energy (unification, for example). Since the third generation strongly couples to the super-
symmetry breaking sector, or the supersymmetry breaking sector includes SU(2)3 hypercol-
ored particles, the running of the SU(2)3 gauge coupling is slower than the others, and the
hierarchy, Λ3 ≪ Λ1 ≃ Λ2, can be realized. In fact, the one-loop β-function of the SU(2)3
hypercolor gauge coupling vanishes at the high energy, since there are 12 doublets (Nf = 6).
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We can understand from the superpotential of Eq.(18) how the SU(2)3 hypercolored
particles in the supersymmetry breaking sector decouple. At the scale m the effective field
V˜ decouples, where m is the supersymmetric mass of V˜ and we are assuming m/Λ3 ≃ 103.
Furthermore, at the scale m′ the field Z˜ decouples. Since we are assuming MX ≃ m′, the
field X also decouples at this scale. Therefore, we can imagine the running of hypercolor
gauge couplings as Fig. 2. The “unification scale” ΛU and the value of the “unified gauge
coupling” αU are obtained as follows using the one-loop renormalization group equations.
ΛU ≃ 5× 1019 GeV, (42)
αU ≃ 0.35. (43)
The “unification scale” is about the Planck scale, and the “unified gauge coupling” is rather
strong.
Although we do not specify the physics at the energy scale ΛU , we assume that the
following kinetic-term mixing is generated.
Keff =
(
u¯†1 u¯
†
2 u¯
†
3
)
1 ε 0
ε 1 ε
0 ε 1




u¯1
u¯2
u¯3


+
(
q†1 q
†
2 q
†
3
)
1 ε 0
ε 1 ε
0 ε 1




q1
q2
q3

 , (44)
where we neglect gauge fields, for simplicity. It is not unnatural that the composite particles,
u¯i and qi, have kinetic-term mixing at the tree level of the low energy effective Lagrangian.
The origin of the kinetic-term mixing could be considered as follows. It can be expected that
the physics at the scale ΛU equally treats each generation, and generates higher dimensional
interaction in the Ka¨hler potential like
KΛU =
1
Λ2U
(
[C1C1]
† [C2C2]
† [C3C3]
†
) 1 1 11 1 1
1 1 1



 [C1C1][C2C2]
[C3C3]

 . (45)
In the low energy limit this interaction gives kinetic-term mixing
KeffΛU =
(
u¯†1 u¯
†
2 u¯
†
3
) 1
Λ2U

 Λ
2 Λ2 ΛΛ3
Λ2 Λ2 ΛΛ3
Λ3Λ Λ3Λ Λ
2
3



 u¯1u¯2
u¯3

 , (46)
where Λ ≡ Λ1 = Λ2. Since Λ2/Λ2U ≃ 0.01 and ΛΛ3/Λ2U ≃ 10−12, the kinetic-term mixing
between the first and the second generations is relatively large, and the mixings between the
third generation and the others are very small. To have the structure of Eq.(44), we have
to include some new mechanisms to generate the large mixing between the second and the
third generations. An example of such mechanism has proposed in Ref. [7]. Note that the
kinetic-term mixings among leptoquarks and among Higgs fields are forbidden by the U(1)i
symmetry.
We can not avoid to consider the hierarchical structure in the couplings ηi and ηiLQ. The
couplings ηiLQ must have the values of
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η1LQ ≃ η2LQ ≃ 1, η3LQ ≃ 10−4. (47)
The small value of η3LQ is needed to have an appropriate value of the soft supersymmetry
breaking mass m˜2
H¯
for the radiative electroweak symmetry breaking (see Eq.(26)). At present
the couplings ηi are determined as
η1 ≃ η2 ≃ η¯, η3 ≃ 10−5. (48)
The value of η¯ will be determined in the next section.
The superpotential of Eq.(8) which connects between the supersymmetry breaking sector
and remainder is generalized as follows due to the introduction of the first and second
generations.
Wd = κH¯iH¯i[D3X1] + κlili[D3X2]
+ κΦ¯iΦ¯i[C3X1] + κd¯id¯i[C3X2]
+ κν¯iν¯i[N3X1]. (49)
Only the hypercolor-singlet fields in the fundamental particles of the first and second gen-
erations can be included. Here, the third generation and remainder are not equally treated.
IV. GENERATION OF THE QUARK MASS HIERARCHY
A. Up-type Quarks
We have already shown in section IID that the electroweak symmetry breaking is trig-
gered by the radiatively-induced vacuum expectation values of the Higgs fields in the third
generation, H3 and H¯3. The top quark becomes massive through the Yukawa coupling
which is generated dynamically. On the other hand, the Higgs fields in the first and second
generations can not have vacuum expectation values, if their supersymmetric masses, or the
coupling η¯ in Eq.(48), is large enough. Therefore, the up and charm quarks remain massless,
even if there are strong Yukawa couplings with the Higgs fields in each generation. In the
following we describe that the idea which is briefly introduced in section I is realized in this
model.
Two ingredients are needed to have the quark mass hierarchy. One is the kinetic-term
mixing among quarks, and the other is the strong interactions which are peculiar to each
generation. The kinetic-term mixing has already introduced in Eq.(44). The required strong
interactions are dynamically-generated Yukawa interactions of Eq.(39). The up-type quarks
in the first and second generations interact only with the Higgs field H1 and H2 through the
Yukawa interactions, respectively. Then, we have the hierarchical masses of the charm and
up quarks through the diagrams of Fig. 3. These tadpole diagrams can also be understood
as the effect of the Higgs particle mixing which is induced by the kinetic-term mixing. Since
there is no direct transition from the up quark to the top quark, the mass of the up quark
is suppressed by the factor ε2 in comparison with the charm quark mass. The evaluation of
the diagram gives
mc ≃ 6α
2
16π2
ε2mt
m˜2P
M2H
, mu ≃ ε2mc, (50)
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where α ≃ 4π and MH ≡ βΛη¯ with Λ ≡ Λ1 = Λ2 is the common mass of the Higgs
fields H1 and H2. Since the quadratic divergence of these diagrams is canceled out in the
supersymmetric limit, we take the mass of the scalar top quark m2
t˜
≃ m˜2P as the ultraviolet
cutoff.
If the mass MH is of the order of m˜P , namely MH ≃ 10 TeV, we have a good hierarchy
mc
mt
≃ mu
mc
≃ ε2 (51)
with ε ≃ 0.07, since
mc
mt
≃ 7× 10−3, mu
mc
≃ 4× 10−3, (52)
where mt ≃ 190 GeV, mc ≃ 1.4 GeV and mu ≃ 5 MeV at the energy scale 1 GeV.
Taking MH ≃ 10 TeV means a huge hierarchy in the couplings ηi of Eq.(48). Namely,
η¯ must be of the order of 10−13 because MH = βΛη¯ and Λ ≃ 1018 GeV. Moreover, we have
to note that this value of MH is marginal not to have the vacuum expectation values of H1
and H2 due to the radiative correction by strong Yukawa couplings.
B. Down-type Quarks
The generation of the mass hierarchy among down-type quarks is not simple in compar-
ison with that of up-type quarks. At first, we show that all right-handed down-type quarks
can couple to Higgs fields H¯i in the low energy limit.
The fields X1 and X2 which are included in the tree-level superpotential of Eq.(49) have
the supersymmetric mass of MX ≃ m′ ≃ 109 GeV. Therefore, these fields decouple before
the confinement of the third generation. Since soft supersymmetry breaking masses are
negligible at this high energy scale (m˜P ≃ mSU(2)3λ ≃ 104 GeV), we can integrate out these
fields by using the conditions of ∂(Wd +W
eff
S )/∂X1,2 = 0, where W
eff
S includes the mass
term of these fields (see Eq.(18)). The resultant effective superpotential is
W ′d = −
1
MX
{
κH¯iκljH¯i [D3D3] lj + κH¯iκd¯jH¯i [D3C3] d¯j
+ κΦ¯iκljΦ¯i [C3D3] lj + κΦ¯iκd¯jΦ¯i [C3C3] d¯j
+ κν¯iκlj ν¯i [N3D3] lj + κν¯iκd¯j ν¯i [N3C3] d¯j
}
. (53)
In the low energy limit (below the confinement scale Λ3) this superpotential gives the Yukawa
couplings of
W effd = −
βΛ3
MX
{
κH¯iκljH¯ie¯3lj − κH¯iκd¯jH¯iq3d¯j
+ κΦ¯iκljΦ¯iq3lj + κΦ¯iκd¯jΦ¯iu¯3d¯j
− κν¯iκlj ν¯iH3lj − κν¯iκd¯j ν¯iΦ3d¯j
}
, (54)
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where β ≃ 1/4π. The second term gives the bottom quark mass and the mass mixings
between left-handed bottom quark and the right-handed down and strange quarks through
the vacuum expectation value of H¯3.
Here, we give some comments on the generation of the lepton mass. The first and fifth
terms of Eq.(54) give the mass matrices of charged leptons and neutrinos, respectively. But
there is no physics which explains the hierarchy of these masses, except for that the tau
lepton can be naturally heavier than the other charged leptons. One interesting thing is
a relation between the smallness of neutrino masses and the long life time of proton. The
coupling of the last term of Eq.(54) must be very small not to have rapid proton decay. If we
take the value of κν¯i very small, the masses of neutrinos become very small simultaneously.
The value of the coupling κΦ¯i also must be very small not to have rapid proton decay.
In the following we only consider the second term of Eq.(54) to discuss the masses of
down-type quarks. Due to the vacuum expectation value of the scalar component of the
Higgs field H¯3, we obtain the following mass matrix for down-type quarks.
Lmassd = −
(
d¯R s¯R b¯R
)
M treed


dL
sL
bL

+ h.c., (55)
M treed =
βΛ3
MX
v√
2
cos β κH¯3

 0 0 κd¯10 0 κd¯2
0 0 κd¯3

 , (56)
where dL,R, sL,R and bL,R are the left-handed and right-handed down, strange and bottom
fermion fields, respectively (The coefficient β is different from the β in cos β). The unique
non-zero eigenvalue of this mass matrix is
mb =
βΛ3
MX
v√
2
cos β κH¯3κd¯3, (57)
and it is the bottom quark mass. The down and strange quarks remain massless at this level.
The value mb ≃ 5.7 GeV at 1 GeV gives κH¯3κd¯3 ≃ 7.3. This means that the couplings κ
are supposed to be of the order of unity, in general. The value of the bottom-quark Yukawa
coupling is
gb =
βΛ3
MX
κH¯3κd¯3 ≃ 6× 10−2. (58)
The second term of the superpotential of Eq.(54) gives also the Yukawa couplings between
two heavy Higgs, the left-handed quarks in the third generation and all right-handed down-
type quarks. The interplay between these Yukawa couplings and dynamically-generated
Yukawa couplings gives the masses of the strange and down quarks through the diagrams
in Fig. 4. In each diagram right couplings are dynamically-generated Yukawa couplings
α ≃ 4π, and left couplings are Yukawa couplings from Eq.(54),
gs =
βΛ3
MX
κH¯2κd¯2, gd =
βΛ3
MX
κH¯1κd¯1. (59)
15
The soft supersymmetry breaking mass BH is obtained as
BH =
3α2
4π
mλ2MH
m2λ2 −M2H
{
m2λ2 ln
(
Λ2
m2λ2
)
−M2H ln
(
Λ2
M2H
)}
+
α1
2π
mλ1MH
m2λ1 −M2H
{
m2λ1 ln
(
Λ2
m2λ1
)
−M2H ln
(
Λ2
M2H
)}
≃ 3α2
2π
mλ2MH ln
(
Λ
MH
)
+
α1
π
mλ1MH ln
(
Λ
MH
)
≃ (1 TeV)2 (60)
in exactly the same way of Eq.(27).
The diagrams of Fig. 4 gives
ms ≃ gsα
16π2
εmt
BH
M2H
, (61)
md ≃ gdα
16π2
ε2mt
BH
M2H
. (62)
If we naturally consider that gs ≃ gd, we have
md
ms
≃ ε ≃ 0.07. (63)
Since the up quark can not directly transit to the top quark, the mass of the down quark
is suppressed by the factor of ε than that of the strange quark. This is a good result, since
md ≃ 10 MeV and ms ≃ 200 MeV at 1 GeV.
The strong coupling gs ≃ 20 is required to have the realistic value of the strange quark
mass. This value is much larger than gb, and it corresponds to κH¯2κd¯2 = gsMX/βΛ3 ≃ 3×103.
We have to assume the hierarchy of the order of
√
κH¯2κd¯2
κH¯3κd¯3
∼ 10 (64)
between the couplings in the tree level superpotential.
The origin of the bottom quark mass is different from the one of the down and strange
quarks in this model. The bottom quark mass is generated at the tree level of the low
energy effective Lagrangian, and the others are generated at the one-loop level. Therefore,
it is natural that the bottom quark is heavier than that of the others, but the suppression
due to the loop factor is too strong. The hierarchy between the masses of the down and
strange quarks is naturally explained by the structure of the kinetic-term mixing.
V. CONCLUSION
We have proposed a mechanism to have the quark mass hierarchy in the supersymmetric
composite model. The two important ingredients of the mechanism are the kinetic-term
mixing between the composite quarks, which can be naturally generated due to the com-
positeness, and the strong interactions which are peculiar to each generation. We have
constructed a model in which the mechanism works. Since we need some assumptions on
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the dynamics and the hierarchical structure between the couplings in the tree-level super-
potential, the model is not completely realistic. The another mechanism for the quark mass
hierarchy has already been proposed in the same type of composite models [8], and it is
based on the hierarchy between many energy scales in the model. A special feature of the
mechanism proposed in this paper is its independence from the scale hierarchy in the model.
We conclude this paper by enumerating both the satisfactory and unsatisfactory points
of the model. The satisfactory points of the model are as follows.
1. It is naturally understood why the top-quark mass is of the order of the weak scale
and why the other quarks are much lighter than that scale.
2. The mass hierarchy among up-type quarks and the one between the down and strange
quarks can be explained only by a parameter of the kinetic-term mixing ε.
3. The hierarchy of the compositeness scales in each generation can be naturally explained
by considering the “unification” of confining forces at the Planck scale.
4. The representation of the fundamental particles is simple. The representation is vector-
like under each factor of the gauge group, and there is no particle which belongs to
the high-dimensional representation.
On the other hand the major problems of the model are as follows.
1. There are many assumptions on the dynamics; the spontaneous U(1)R symmetry
breaking and the mass generation forX particle in the supersymmetry breaking sector,
having the top-quark Yukawa coupling of the order of unity in the low energy limit,
and the origin of the kinetic-term mixing.
2. The hierarchy among couplings in the tree-level superpotential.
3. The relatively light supersymmetric masses of the heavy Higgs fields may allow the
radiative electroweak symmetry breaking in the first and second generations.
4. There is no symmetry which forbids proton decay. The difference between the baryon
number and the lepton number is conserved, but the baryon number itself is not
conserved. The model is safe against the experimental bound, since we are assuming
no kinetic-term mixing among charged leptons and small couplings in the tree-level
superpotential. (see also the discussion in Ref. [9]).
The mass hierarchy among the charged leptons and neutrinos is not explained in this
model. But it is interesting that there is a relation between the smallness of neutrino masses
and the long life time of proton.
We can discuss the non-trivial Cabibbo-Kobayashi-Maskawa mixing in this model. But
it is premature, because there are many problems to solve. This model should be understood
as a realization of the mechanism which is proposed in this paper.
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TABLES
SU(2)3 SU(3)C SU(2)L U(1)Y U(1)B−L
C3 2 3 1 −1/3 −1/6
D3 2 1 2 1/2 1/2
N3 2 1 1 0 −1/2
d¯3 1 3
∗ 1 1/3 −1/3
l3 1 1 2 −1/2 −1
ν¯3 1 1 1 0 1
Φ¯3 1 3
∗ 1 1/3 2/3
H¯3 1 1 2 −1/2 0
TABLE I. Particle contents of the third generation.
SU(2)S SU(2)3 U(1)R U(1)B−L SU(2)global Sp(2)global U(1)i
Q˜
Q
2
2
2
1
0
0
0
0
1
2 4
0
0
Z˜
Z ′
1
1
2(∗)
1
2
2
0
0
2(∗)
1 5
0
0
Z 1 1 2 0 1 1 0
X1 1 2 1 −1/2 1 1 1
X2 1 2 1 1/2 1 1 -1
TABLE II. Particle contents of the supersymmetry breaking sector. The index i = 1, 2 and 3
denotes the generation.
SU(2)i SU(3)C SU(2)L U(1)Y U(1)B−L U(1)i
Ci 2 3 1 −1/3 −1/6 0
Di 2 1 2 1/2 1/2 0
Ni 2 1 1 0 −1/2 1
d¯i 1 3
∗ 1 1/3 −1/3 1
li 1 1 2 −1/2 −1 1
ν¯i 1 1 1 0 1 -1
Φ¯i 1 3
∗ 1 1/3 2/3 -1
H¯i 1 1 2 −1/2 0 -1
TABLE III. Particle contents of three generations. The index i = 1, 2 and 3 denotes the
generation.
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FIG. 1. Diagrams for the charm and down quark mass generation through the kinetic-term
mixing and B − L interactions.
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FIG. 2. Running of hypercolor gauge couplings.
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FIG. 3. The diagrams for the charm and up quarks mass generation. The solid and dashed line
denote the fermion and boson, respectively.
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FIG. 4. The diagrams for the strange and down quarks mass generation. The solid and dashed
line denote the fermion and boson, respectively.
21
